We present improvements and calibrations for boron and phosphorus doping models, which allow highly predictive simulations of various doping processes used for solar cells. Besides boron doping from a boron tribromide (BBr 3 ) source and phosphorus doping from a phosphorus oxychloride (POCl 3 ) source, oxidation and implantation processes for solar cell applications are simulated. The use of one set of model parameters for different doping techniques improves the calibration quality, ensures the generality of the model and allows a separation of the physical mechanisms influencing the dopant diffusion process. The simulations are compared to measured depth profiles of a large number of processes, which vary in time and temperature. In addition to excellent agreement to measured doping profiles, the sheet resistances and emitter depths of almost hundred diffusion processes are in good consistency with the simulations. Multiple experiments to optimize doping profiles regarding the shape, surface concentration or sheet resistance can thus be avoided.
Introduction
Dopant diffusion models widely used in semiconductor industry were calibrated with processes that differ significantly in doping techniques and process parameters from the ones used for silicon solar cell fabrication. For that reason the existing dopant diffusion models have to be tested with measurements from different solar cell processes and improved, if necessary. For the simulation software Sentaurus Process [1] good agreements with measured doping profiles from phosphorus oxychloride (POCl 3 ) processes with fixed temperature [2, 3] or limited temperature range [4] and from boron implantation with subsequent oxidation [5, 6] was already achieved previously.
The quality of the simulations can be improved by considering different doping techniques in the calibration procedure of the models. Such a model with a universal set of parameters is of particular importance for the prediction of processes with several diffusion steps and needed if different doping techniques are involved (see [7] ).
In this work we present a comprehensive set of predictive simulations with Sentaurus Process using coupled doping-defect diffusion models improved and calibrated for solar cell applications. The simulated depth profiles are compared with measured electrochemical capacitance-voltage (ECV) and secondary ion mass spectroscopy (SIMS) profiles. We test the models for dopant in-diffusion from gas phase, i.e. with boron tribromide (BBr 3 ) or POCl 3 source and in addition for boron and phosphorus implantation and oxidation used in solar cells production. We analyze numerous processes with a large variation in temperature and time.
Diffusion of dopants
The different doping processes have their specific boundary conditions in respect to dopants and defects (interstitial silicon Si i and vacancies) at the silicon surface. Besides the dissimilar temperature sequences, these specific boundary conditions cause the differences in the doping profiles between the doping techniques. An overview of the main characteristics and the dominant parameters for the investigated processes is given in Table I . For boron and phosphorus in silicon Sentaurus Process [1] solves the differential equations for substitutional dopants, substitutional dopants paired with vacancies and interstitial dopants of different charge states. The transient precipitation model used for boron and phosphorus does not distinguish between different kinds of dopant clusters. The effective diffusivities of boron and phosphorus are strongly influenced by silicon defects due to the diffusion of dopants via the kick-out mechanism that includes an interstitial silicon atom [8] . At high phosphorus concentration phosphorus-vacancy pairs dominates the diffusion [8, 9] . Thus the dopant profile after annealing is determined 1) directly by the initial dopant profile and the boundary conditions for dopants at the surface and 2) indirectly by the initial defect profiles and the boundary conditions for defects at the surface. The introduced damage during implantation and the resulting distribution of interstitial silicon is modeled with the default models of Sentaurus Process. The clustering process of self-f f interstitials after the implantation includes the formation of small clusters and the evolution to {311} defects and dislocation loops. During longer annealing steps the dissolution rates of these self-f f interstitial clusters become important for the dopant profiles. For a growing BSG, PSG or SiO 2 layer different parameters regarding the oxidizing interface and the growing layer, i.e. growth velocity, the diffusivity of dopants within the glass, the segregation of dopants through the interface and the injection of self-f f interstitials Si i from the interface into the silicon, have to be used. Therefore, layers with the characteristics of borosilicate glass (BSG) and phosphosilicate glass (PSG) are implemented in the software for doping processes from a gas phase. After calibration of the dopant properties in the glass layers, the specific boundary conditions and the general diffusion parameters in silicon, the simulations are fully predictive.
Annealing and oxidation of dopant profiles

Boron diffusion and oxidation
Annealing in a non-oxidizing atmosphere can be described with simple boundary conditions for silicon defects and with setting the dopant flux through the silicon surface to zero. For this reason, we calibrate the diffusion parameters of boron in silicon by comparing measured and simulated diffusion profiles after different annealing processes with varying temperatures ( Fig. 1(a) ). We chose an experimentally verified boron profile after a BBr 3 preprocess and etching of the BSG as our starting profile. Although the BBr 3 preprocess increases the defect concentration, the deviation from undisturbed silicon is smaller than after an implantation. Comparison of electrochemical capacitance-voltage (ECV) and simulated boron profiles for annealing at different temperatures in non-oxidizing (a) and oxidizing (b) atmosphere. We ensure a realistic boron profile after the BBr3 preprocess by comparing also the profile before annealing with an ECV measurement (curves). The boron curves for negative x-values give the concentrations in silicon oxide that are significantly higher than in silicon due to segregation. The background color indicates the thickness of the oxides.
In the next step, we calibrate the boundary conditions at the Si/SiO 2 -interface by investigating annealing processes in oxidizing atmosphere subsequent to a verified in-diffusion process from a gas source ( Fig. 1(b) ) or an implantation process ( Fig. 2(b) ) using the validated parameters for silicon. Ellipsometry measurements of the oxide thicknesses are used to verify the oxide growth velocity for different gas fluxes. The segregation of boron into the silicon oxide leads to depleted regions in the silicon close to the Si/SiO 2 interface. The SIMS measurement in SiO 2 for the sample after oxidation at 985°C gives boron concentrations between 5×10 19 cm -3 (Si/SiO 2 interface) and 3×10 20 cm -3 (SiO 2 surface) which is in the range of our simulation.
For the oxidation process we also calibrated the flux of interstitial silicon atoms Si i from the reacting interface into the silicon. A precise direct measurement of Si i is not possible. Therefore we take an indirect approach and use the higher effective diffusivity and the significantly increased profile depth of boron that is caused by injection of Si i for the calibration procedure.
Phosphorus diffusion
For phosphorus, the additional vacancy assisted diffusion mechanism [8] increases the number of parameters that influence the effective diffusivity and thus the profile shape. The respective parameters are extracted from the comparison of simulated and measured profiles after different annealing steps. The segregation process of phosphorus into silicon oxide is calibrated by analyzing annealing processes in oxidizing atmosphere subsequent to a verified in-diffusion process from a gas source. We found that phosphorus, in contrast to boron, does not tend to segregate into silicon oxide and thus the maximum of the phosphorus profiles is close to the Si/SiO 2 interface. Care is taken that the flux of interstitial silicon from the Si/SiO 2 interface is the same for boron and phosphorus diffusions. Fig. 2(a) shows a selection of measured and simulated phosphorus profiles after annealing in oxidizing and non-oxidizing atmosphere. 
Ion implantation
For an implantation with a short anneal the boundary conditions are simple and rather well known. For this reason, we choose an implantation with short anneal to test and calibrate the models for implantation and clustering of defects. For implantation processes with high dose dopant cluster become important and the solubility of mobile dopants could be calibrated. The analyses of implanted processes are also a good test for the diffusion parameters of dopants in silicon that are determined in the previous section.
Boron implantation
The boron profiles after implantation with varying B dose and short annealing at high temperatures are shown in Fig. 3(a) . The temperature dependency of the models is determined by investigating annealing processes at different temperatures. In the next step, we analyzed long annealing steps in oxidizing atmosphere subsequent to B implantation (Fig. 3(b) ). Starting from process P1 [11] , we increased the implanted boron dose in P2 and then varied the processing time in P3 and the gas flux in process P4. Simulated and measured boron profiles after implantation and different annealing processes in oxidizing atmosphere.
Phosphorus implantation
The implantation of phosphorus m m atoms introduces high concentrations of Si i . During the following annealing Si i atoms form small clusters, {311} defects and dislocation loops. Until the supersaturated Si i atoms are clustered or recombined with vacancies, the effective diffusivity of phosphorus via the kick out mechanism is increased and the effective diffusivity via phosphorus-vacancy pairs reduced.
The simulated phosphorus profiles after implantation and subsequent short annealing at different temperature ( Fig. 2(b) ) are used for testing and calibrating the phosphorus implantation model. As for boron, profiles after P implantation and annealing in oxidizing atmosphere are analyzed (Fig. 2(b) ). Sim.
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Doping from gas phase
Typical doping processes from a gas source can be divided in (i) a deposition phase with a high concentration of dopants in the gas atmosphere and (ii) a subsequent drive-in with a dopant-free atmosphere. During the deposition phase a BSG-or PSG-layer grows on the silicon surface, which is associated with a consumption of silicon. We thus had to solve the challenging task to develop realistic models for the glass layer. We assume a constant concentration of dopants at the surface of the growing glass, which depends on the gas flux and varies between different furnaces. During the subsequent drivein step, we reduce the growth velocity of the glass layer and stop the dopant flux through the gas/glass interface. The growth velocities of PSG and BSG are calibrated with ellipsometry measurements of the glass thickness (for phosphorus see Fig. 4(a) ).
Boron doping with BBr 3
The parameters for boron within the BSG layer and at the Si/BSG interface are calibrated with measured ECV profiles shown in Fig. 4(b) . The additional Si i flux from the reacting interface has to be considered, but appears less important for the effective diffusivity than the Si i flux from a reacting Si/SiO 2 interface (see section 4). The boron concentration in the near-surface area after simple BBr 3 processes between 860°C and 940°C appears to be rather determined by the solubility than by the diffusion through the BSG. For the process at 850°C with following drive-in at 1075°C the BSG is no longer an infinite boron source and the boron concentration around the interface is reduced (Fig. 4(b) ).
Phosphorus doping with POCl 3
The calibration procedure for phosphorus in-diffusion from a POCl 3 source is more complex than for BBr 3 processes, because the growing PSG usually leads to phosphorus concentrations in the near-surface area that are far above the solubility limit. In addition to the clustering of phosphorus, the diffusion mechanism through phosphorus-vacancy pairs plays a major role due to the high concentrations and complicates the fitting procedure.
A selection of simulated and measured SIMS profiles from processes of one furnace with the same gas flux can be seen in Fig. 4(c) . The measured SIMS profiles are used to calibrate a series of parameters: the injection of Si i from the reacting Si/PSG interface, the recombination of silicon defects, parameters for the vacancy-phosphorus pair diffusion mechanism and for phosphorus diffusion within the PSG layer and at the Si/PSG interface. The phosphorus solubility is calibrated with SIMS profiles measured after processes with higher POCl 3 concentration. The good correlation of the simulated and measured profiles demonstrates the consistency of the model over the full temperature range for typical POCl 3 diffusion processes. The varying phosphorus concentrations in the PSG are due to the longer drive-in time in the POCl 3 compared to the BBr 3 processes (Fig. 4(a) ). The simulated phosphorus concentration in the PSG represents the mobile phosphorus that is able to diffuse into silicon. Measurements of the phosphorus profiles in the PSG as done in [2a] might give higher concentrations due to additional immobile phosphorus.
In Fig. 4 (d) simulations and measurements for two phosphorus in-diffusion processes at 870°C are shown. The profiles after 60 minutes in POCl 3 atmosphere are shallower and have a more than 2 times higher surface concentration than the profiles after 30 minutes in POCl 3 atmosphere and 30 minutes drivein. This demonstrates that PSG has to be treated as a finite phosphorus source and could not be approximated with a temperature dependent phosphorus concentration at the silicon surface.
In principle, the models for doping from gas phase could also be used for doping from spray-on doping source. 
Sheet resistance and profile depth
For the comparison of more than 60 phosphorus and more than 30 boron diffusion processes with the calibrated models we calculated the sheet resistances for simulated and measured profiles and plotted them in Fig. 5(a) . The analyzed profiles with sheet resistances range from 5 280 /sq are taken from a database that contains profiles of the last 10 years. Therefore process variations, variations in the measurements due to different equipment and incomplete process information could not be excluded. Nevertheless the simulated sheet resistances agree well with the measurements. Note that model parameters were chosen to reproduce the shape of the dopant profiles and not the overall sum of indiffused active dopants, which explains the slight trend to higher sheet resistances in the measurements. A closer look on the different doping techniques reveals the largest deviations for POCl 3 processes. We extracted the profile depth from simulations and measurements as an additional parameter describing the profiles (Fig. 5(a) ). The simulated profile depths match quite well the measurements for a remarkably wide range from 0.012 to 2.6 μm. 
Conclusions
We were able to separate the physical mechanisms influencing the dopant diffusion process by considering processes with different boundary conditions in the calibration procedure. We demonstrated the applicability and the necessity of the implemented models for BSG and PSG as well as their compatibility with ion implantation and other diffusion processes. The validation of the universal model for more than 90 measured doping profiles now allows the precise prediction of a vast range of doping processes relevant for solar cells. This will help to avoid multiple experiments to optimize doping profiles and align process steps for complex solar cells. The model was already applied to find implantation processes for highly doped selective emitters suitable for screen-printed contacts [12] . 
